Introduction
A common condition of the metazoan gut is to be in association with a number of benign or beneficial microorganisms. Recent studies have shown that the influence of these resident microorganisms is profound, altering many aspects of host physiology, especially digestive and immune functions. [1] [2] [3] Studies with gnotobiotic animals, coupled with genomic tools aimed to capture the full extent of microbial diversity and function within the gut, have greatly altered our vision of host-microbe interactions. 4 To There is growing interest in using Drosophila melanogaster to elucidate mechanisms that underlie the complex relationships between a host and its microbiota. in addition to the many genetic resources and tools Drosophila provides, its associated microbiota is relatively simple (1-30 taxa) , in contrast to the complex diversity associated with vertebrates (> 500 taxa). These attributes highlight the potential of this system to dissect the complex cellular and molecular interactions that occur between a host and its microbiota. in this review, we summarize what is known regarding the composition of gutassociated microbes of Drosophila and their impact on host physiology. we also discuss these interactions in the context of their natural history and ecology and describe some recent insights into mechanisms by which Drosophila and its gut microbiota interact.
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Nichole A. Broderick and Bruno Lemaitre Global Health institute; School of Life Science; epFL; Lausanne, Switzerland Keywords: symbiosis, host-microbe interactions, immunity, gut, microbiota, yeast, bacteria the extent that these interactions are now accepted as essential elements of host health and the conditioning of host immune defenses. Over the last two decades Drosophila melanogaster, the common fruit fly, has been largely used to decipher mechanisms of host-microbe interactions in the context of innate immunity and pathogenic associations. 5 More recently, studies have suggested the utility of this model to elucidate mechanisms underlying more benign or beneficial host-gut microbiota interactions due to its amenability to genetic study, lower microbiota complexity, and the ease in raising axenic flies.
Ironically, studies of microbes associated with Drosophila are almost as old as the genetic model itself (TH Morgan 1909). Thus, the influence of microbes associated with Drosophila on the host was to some extent appreciated even before they were subject of direct study. As Sang's quote above indicates, these initial studies were concerned with reducing variability in experiments 6 by standardizing the impact of nutrition, as it was essential to distinguish environmental from genetic influences on phenotypic traits. This led to the common use of axenically raised flies and the development of a chemically defined fly medium, [7] [8] [9] [10] [11] [12] [13] practices that were largely abandoned as the model's use grew and as interests and efforts of the community shifted to studies in development. However, these early studies provided a wealth of detail on both biotic and abiotic factors that could influence Drosophila development and physiology. Studies into the 1960s by Sang and others established the precise chemical composition of fly medium required for normal growth of axenic flies. 7, 14, 15 In the 1940s, studies led by Tatum and Beadle in both Neurospora crassa and Drosophila established the "one gene, one enzyme" hypothesis and as such, studies of mutations affecting Drosophila metabolism were at their apogee. Thus, in 1939, Tatum could report that the eye color of axenic vermillion (v) brown (bw) double mutant flies was altered and that re-inoculation of an unidentified Bacillus species to axenic v, bw cultures reverted the pigmentation phenotype. 16 These results indicated the existence of rate limiting metabolic reactions in larvae grown in axenic conditions, pointing to a role of microbiota in optimizing host metabolism. Thus, the impacts of indigenous microbiota on host nutritional requirements and on the phenotypic expression of mutations were clearly appreciated. However, it was not until the late 1960s and the thesis work of Marion Bakula, 17 University of New York, that we begin to understand the nature of bacteria associated with Drosophila. This pioneering work analyzed the composition, persistence and transmission of gut-associated flies, a greater diversity of bacterial orders are associated with wild-caught flies, most notably among the Proteobacteria. It is not evident if this diversity merely reflects a higher number of transient bacteria in the gut due to the increased exposure to environmental bacteria, or whether they are forming stable associations with Drosophila in nature. Interestingly, a number of genera identified in these studies (e.g., Providencia, Serratia, Erwinia, Pantoea and Pseudomonas) have been previously identified as pathogens of flies infected both in nature and the laboratory. [28] [29] [30] [31] [32] [33] [34] [35] Yet, despite the increased diversity of bacteria associated with flies in nature, these studies confirm that Acetobacter/ Gluconobacter and Lactobacillus are commonly associated members of the Drosophila melanogaster microbiota. Moreover, these studies indicate that, even when transiently ingested environmental bacteria are taken in account, natural Drosophila populations have a very restricted gut bacterial microbiome with low diversity.
General characteristics of the Drosophila microbiome. Altogether, these studies demonstrate that Drosophila, as has been reported for most insects, is associated with a much lower diversity of bacterial taxa than observed in mammals (tens to hundreds vs. thousands). 4, [36] [37] [38] Overall, this reduced diversity suggests that the niches provided by the Drosophila and mammalian gut are not equivalent. The reasons for this difference are not known, but a number of host factors have been suggested. It has been proposed that the adaptive immune system of higher metazoans has facilitated association with a greater diversity of microbes. 39 Alternatively, the more frequent perturbation of the insect gut niche has been suggested as a limit to higher diversity. 40 Insect guts tend to be transient, given the short life span of many insects, and encounter frequent episodes of disturbance. Regions of the gut (foregut and hindgut) are shed during molting and in holometabolous insects, including flies, the entire larval gut is replaced by a new adult gut during metamorphosis. Thus, the perturbed and transient nature of the guts of holometabolous insects such as Drosophila may be incompatible with the development of a highly diverse microbiome.
Inheritance and Persistence of Gut-Associated Microbes along the Drosophila Life Cycle
Unlike intracellular symbionts, such as Wolbachia and Spiroplasma, which are transmitted within the embryo, gut-associated bacteria are acquired from the environment after birth. [41] [42] [43] A major question in understanding the association of Drosophila with bacteria is to determine whether the association is fortuitous or controlled to some extent. Bakula addressed this question by monitoring the diversity and density of bacteria in flies across the life cycle. 17, 18 She concluded that Drosophila embryos are sterile, but that the eggshell is contaminated with bacteria most likely derived from feces of adults. In addition to the fact that axenic fly stocks can be obtained through removal of the embryonic chorion with bleach, she also demonstrated that bacteria could not be cultured from eggs aseptically removed from females. Furthermore, using methylene blue to externally stain embryos she elegantly demonstrated that, within an hour of hatching, blue dye was detected in the intestinal tract of first instar larvae. 18 bacteria of laboratory wild-type flies. One of her key findings was the observation that microbes were transmitted to offspring by contamination of the eggshells, which are ingested by young instar larvae. 18 Her experiments also supported the view that the persistence of bacteria during the Drosophila life cycle is nonfortuitous. This stand-alone study still provides many interesting observations for today's scientists and lays a foundation for contemporary studies, which by broadening these concepts and integrating current technologies can begin to decipher the mechanistic basis of these interactions.
In this review, we present the "state of the art" on the study of gut-associated microbial symbionts of Drosophila melanogaster, with an emphasis on bacteria. We summarize what is known about the diversity of microbial communities associated with laboratory and wild populations of D. melanogaster and discuss genetic and environmental factors that influence these interactions, including a consideration of their ecological context. We highlight recent studies demonstrating the varied impacts of these communities on host physiology and identification of some of their underlying genetic mechanisms. In addition, the advantages and limitations of the Drosophila model for studying host/ microbiota interactions are discussed.
Composition of Drosophila Gut-Associated Bacteria Populations
Laboratory-reared flies. Several independent studies analyzing Drosophila-associated microbiota have provided a good deal of insight into the diversity of bacteria in laboratory stocks of Drosophila melanogaster. These studies, summarized in Table  1 , have analyzed samples from either whole flies [19] [20] [21] [22] or dissected guts of surface-sterilized flies. [22] [23] [24] [25] Bacteria were identified by either characterization of cultivable species or through cultureindependent assessment of microbial diversity by direct PCR amplification and sequencing of 16S rRNA genes from extracted DNA. More recently, a study using high throughput sequencing of a large number of 16S rRNA amplicons allowed identification of almost all detectable bacterial species at unprecedented depth and across the different life stages. 24 These studies indicate that laboratory stocks are associated with a relatively low number of taxa, corresponding to 1-13 OTUs (defined as 97-99% identity, depending on the study) and are most frequently associated with bacteria from two genera, Acetobacter and Lactobacillus. Some species are clearly laboratory specific, such as Enterococcus faecalis, 19, 23 Gluconobacter morbifer, 25, 26 and Enterobacteriaceae Group Orbus, 22 while Lactobacillus plantarum and Acetobacter pomorum/ pasteurianus have been found in most laboratory stocks.
Wild-caught flies. To date three studies have examined bacteria associated with Drosophila melanogaster collected in nature, all from sites within the United States 19, 22, 27 (Table 1) . Two studies examined whole flies captured with banana baits 19 or collected from a variety of natural food sources and environments. 27 More recently, Chandler et al. analyzed the bacterial diversity of guts dissected from D. melanogaster adults collected at two geographical sites. Whereas the family Acetobacteraceae and the order Lactobacillales dominate the microbiota of laboratory-reared @ oTus in common across the three populations. # identified by culture-dependent methods. *number of clones per oTu not reported. Remarks: The identification of bacterial species based on 16S rRNA sequence identity (oTus 97%) should be interpreted with some caution since bacteria with identical or near-identical 16S rRNA genes could have distinct genomic or transcriptomic properties that could have important phenotypic consequences. Along this line, two novel cultivable Acetobacteraceae strains, Commensalibacter intestini and Gluconobacter morbifer, initially identified by the divergence of their 16S rRNA gene sequences (93.5% and 97.9% to type strains, respectively 25) were recently classified on the basis of phenotypic, genetic, and chemotaxonomic analyses. 26 interestingly, multiple studies have identified many novel oTus (93-96% identity) most closely related to other commonly associated Lactobacillus and Acetobacter spp. 21, 22, 24 This suggested that larvae ingest the chorion of embryos, and thus acquire the bacteria coating them.
More recent studies using molecular techniques in addition to culturing have expanded Bakula's findings that both the microbial composition and density change with developmental stages and as flies age. 20, 23, 24, 44 Eggshells carry a low number of bacteria of high diversity. 24 Following ingestion from the egg or environment, bacterial density in the gut increases throughout the larval stage reaching a plateau in third-instar wandering larvae. 18, 23 The transition of insects, including Drosophila, into metamorphosis is associated with a sharp decrease in bacterial density 24 h after pupation, which increases again by 48 h. This reduction in bacterial numbers correlates with the increased expression of several antimicrobial peptide genes at the pupal stage [45] [46] [47] [48] and may be a host mechanism to limit the growth of bacteria before the adult tissues are formed. 49 The larval midgut is one of the only larval structures that is not totally histolyzed during pupation, but is contained within a transient pupal epithelium around which the adult midgut develops. 50 The larval midgut is the source of progenitor cells from which the adult gut is constructed [51] [52] [53] and the larval/pupal gut, referred to as the yellow body, 54 constitutes the first adult feces excreted as the meconium soon after emergence from the puparium. For these reasons, the meconium could serve as a reservoir for the microbiota and provide a mechanism of transmission to the adult, as has been shown for some Dipterans. [55] [56] [57] In examining this possibility, Bakula was unable
gene Caudal, exhibit a shift in the community with an increase in the density of a minor member, Gluconobacter morbifer and concomitant decrease in a dominant member, Commensalibacter intestini. This shift was explained by the increased resistance of G. morbifer to antimicrobial peptides and was also associated with increased gut defects due to the pathogenicity of G. morbifer. These results indicate that a specific genetic deficiency within the host can profoundly influence the gut microbial community and host physiology. Beyond the conceptual finding, the overall generalization of this finding remains to be determined since G. morbifer has not been identified in other laboratory stocks. Buchon et al. 44 reported that Relish and PGRP-LC mutant flies with impaired Imd pathway activity have higher bacterial counts in their gut, suggesting that the basal level of antimicrobial peptides may regulate bacterial density. Nevertheless, this study, did not analyze the effect of Imd on flies recolonized with an identical microbiome and only examined two Imd-deficient backgrounds.
Taken together, these studies indicate that diet has a major effect on Drosophila gut microbiota and suggest a role of host immunity in controlling density and composition.
Environmental Factors Shaping the Microbiome:
The Fly Substratum Niche
In the wild, Drosophila melanogaster is saprophytic and feeds on microbes growing on decaying substrate, most commonly rotting fruits. The substrate on which Drosophila develops and lives is an ephemeral ecosystem that can support a limited number of individuals before the population or pioneering individuals, must leave and colonize a new substrate. Within the substrate, larvae are gregarious feeders and both larvae and adults often co-exist spatially and temporally. In this way, fermenting fruit (mixture of microbes and plant) provide both "gîte et couvert" (room and board; Fig. 1A ) to the fruit fly. Thus, the situation in Drosophila is rather distinct from mammals for which the gut microbiota largely differs from microbes associated with food. In this manner, separating the impacts of microbes as food or component of the substrate from their effect in the gut will be important. A key question is whether there is a direct relationship between bacteria in the substrate and those in the gut? While the studies described above have provided a catalog of microbes that may associate with Drosophila, they cannot differentiate between transient or resident microbes, and in the case of culture-independent studies even between living or dead bacteria in the sample. Currently, our understanding of whether the gut microbiome differs from the external or substrate bacterial community is unclear, as two laboratory studies examining this question have conflicting results. While, Ren et al. observed a high degree of overlap in the external and internal bacterial communities of adult flies when they combined detection by culturing and PCR (Table 1) , Chandler et al. found a significant difference in bacterial composition of external and internal samples from flies grown on non-sterile media, and between the guts of larvae vs. the medium. 22 Studies have not examined the diversity of to detect culturable bacteria from homogenized whole flies aseptically removed from the pupal case prior to pupation. However, bacteria could be cultured from the inside of the pupal case, as had been previously reported in muscoid flies. 58, 59 However, as these studies were limited to culture-based methods the transmission of microbiota by the meconium cannot be completely ruled out. What is certain is that bacterial counts in young adults are initially quite low, ranging from 40 to 1,000 cells per gut. 18, 23, 44 Interestingly, there is a marked increase in both external and internal bacterial density in old flies with counts increasing 10-1,000 fold. 20, 44 In their study, Wong et al. also observed a shift in bacterial composition from dominance of 16S rRNA gene sequence of L. fructivorans in young flies to A. pomorum in old flies. 24 Such shifts in aging have not been reported in other studies, but as Acetobacter, unlike Lactobacillus, grows rapidly under fully aerobic conditions, the authors hypothesize that the gut may become more oxic in old insects.
Host and Nutritional Factors Shaping the Community
Studies have shown that, though there are common players, gutassociated bacteria of Drosophila stocks can differ greatly between laboratories ( Table 1 ) and even between stocks within the same laboratory. 22 These differences between stocks are maintained even on an identical laboratory defined food source since fly stocks are essentially kept isolated as separate entities (Fig. 1B) . Analyzing how different environmental and host factors shape the Drosophila microbiome is an important question in the field. Recently, a few studies have begun to provide some insight.
Influence of diet. Diet has been shown to influence the bacterial composition of mammals and several insects and is proposed to be an important factor in shaping community composition. found that microbiota composition of species feeding on the same type of substrate were more similar to each other than to more closely related species that were feeding on different substrates. In addition, they found that switching a large pool of isogenic D. melanogaster onto different sterile diets led to changes in gut microbiota composition over time. Finally, raising three distantly related Drosophilids, which normally feed on different substrates in the wild, D. melanogaster (fruits), D. elegans (flowers) and D. virilis (sap fluxes and cambium), together on the same medium led to a convergence in microbiota composition across the three species. In another study, Sharon et al. found that shifting flies from a corn-molasses medium to a starch medium greatly reduced microbiota diversity. After 11 generations, starch-bred flies were mono-associated with L. plantarum, which represented a minor component (2.6%) of clones among the 10 taxa identified from molasses-bred flies.
Influence of host factors. To date, two studies have analyzed the impact of host factors on gut microbiome composition. Ryu et al. 25 showed that flies with higher levels of antimicrobial peptides in the posterior midgut, due to the silencing of the homeobox natural fly substrates, but it is assumed this environment would provide a greater diversity of microbes than flies encounter in the laboratory. At the same time, consideration on the fly-microbesubstratum niche is also important for the study of microbiota in laboratory stocks. In this case, adult flies are transferred into fresh and relatively sterile medium and serve as the inoculum source of bacteria for the next generation of larvae that will develop in the same vial (Fig. 1B) . 60 As a consequence, one could expect that fly medium generally contains the same bacteria that are associated with flies in the vial. In addition, preliminary studies indicate that the density of bacteria in the gut may reflect levels in the media and that bacterial loads can be reduced if flies are transferred at a high frequency onto fresh medium. For example, flies carrying multiple mutations in negative regulators of the Imd pathway survive longer if frequently transferred on sterile medium, rather than if left longer in vials, which is consistent with a lower load of gut bacteria. 61 Of note, it has been reported that environmental contaminants can be eliminated from fly stocks by frequent transfer on sterile medium 14 and this is a common practice in the laboratory when handling "sick" stocks that have high levels of microbial growth in the medium.
Another important question is whether there is an active selection and retention of a specific consortium ("core community") or if the Drosophila microbiome assembles randomly based on available partners? One constraint is likely provided by the diet of Drosophila and the microbes that are able to colonize this environment. In addition, properties of the Drosophila intestinal environment, such as the immune and physiological state of the gut (Fig. 2) , likely determine which of these bacteria persist. It is clear that the routine way of cultivating flies in the laboratory could induce a strong bias on both host choice and microbiome assembly. Of note, it is common practice to include broad-spectrum antimicrobials such as propionic acid and methyl paraben to fly medium to reduce spoilage. This selection has likely not only reduced the diversity of bacteria that can associate with Drosophila in laboratory conditions, but may also permit associations that would not normally occur in nature. For instance E. coli has been shown able to colonize axenic larvae and persist through pupation, but was completely displaced from the gut when these mono-associated flies were exposed to a bacterium normally associated with the gut. 18 However, given the frequency of Drosophila's association with specific bacteria, chance encounters with these bacteria in the environment cannot be the only driving force. This may be because certain combinations of yeast and bacteria occur frequently together in the wild (see Box 1 for discussion on yeasts), but host choice also likely plays a role. Importantly, adults can influence the quality of the larval food, not only through the initial choice of substrate for oviposition, but in the type and diversity of microbes they inoculate into the substrate. Since all gut bacteria must first be ingested, bacterial taxa that thrive on the feeding substrate will have the greatest chance of colonizing the guts of larvae and adults sharing the same substrate. While we know less about Drosophila behavior, it is known that C. elegans exhibits diverse behaviors in response to bacteria provided as a nutrient source, such as feeding, reproductive egg-laying and changes in locomotion, including the ability to discriminate between nutritional, beneficial bacteria and bacteria absence of bacteria within the medium. The inability to distinguish between the effects of bacteria in the gut vs. bacteria in the medium is a limitation of gnotobiotic studies in Drosophila and important to consider in the design of experiments and interpretation of results (see below).
Impact of Drosophila Microbiota on the Host
The notion that intestinal bacteria communities directly affect host physiology and immunity is now largely acknowledged. Several recent studies have begun to investigate the role of Drosophila microbiota on the host through the use of axenic or that represent poor nutritional sources or are pathogenic. [62] [63] [64] [65] [66] Similarly, we can suppose that Drosophila in the wild have the choice for selecting rotting fruits that will be more beneficial for promoting growth, while avoiding pathogens, an over-populated substrate or nutrient-deficient environment.
Finally, it has to be taken into account that, as in the wild, microbes in the fly medium strongly influence the nature of the substrate. They may alter its physico-chemical properties (texture/consistency, pH, oxygen levels, processing of nutrients) and supplement the medium with products of their metabolism. Therefore, results comparing axenic to conventionally raised flies not only reflect the absence of gut microbiota, but also the The digestive tracts of mammals and Drosophila are similar in physiology and function. Both are divided into foregut, midgut and hindgut segments, based on their embryonic origin, which give rise to specific gut structures and compartmentalized functions. (B) Mammals and Drosophila rely on several mechanisms to limit the contact between microbes in the lumen and intestinal epithelial cells. Mechanisms in common include an acidic zone [the stomach and copper cell region in mammals and Drosophila, respectively (A)], the secretion of mucins to form a protective mucus layer, and the secretion of antimicrobial peptides. in Drosophila, the peritrophic matrix, a layer of chitin and glycoproteins that lines the midgut epithelium, provides a physical barrier against ingested material, such as food particles, microbes and pore-forming toxins. Reactive oxygen species (RoS) are also an important component of the Drosophila response to microbes, in controlling both levels of dietary microbes and pathogens. in mammals, specialized M cells overlie peyer's patches and lymphoid follicles [gut associated lymphoid tissue (GALT)] to facilitate the sampling of the lumen. igA, produced by plasma cells and transcytosed across epithelial cells, is secreted into the lumen to limit microbes in the mucosa.
key negative regulator of Imd signaling by preventing PGRP-LC activation in the absence of infection. 77 Developmental defects associated with constitutive activation of the Imd pathway, were reduced, but not completely abolished, when larvae with reduced PGRP-LF function were reared on antibiotics, suggesting that microbiota contribute to the regulation of the immune response by PGRP-LF.
Altering the sensing of bacteria by peptidoglycan degrading PGRPs. Since peptidoglycan is mainly released by dividing bacteria, it is probable that only small amounts of peptidoglycan are released by the microbiota due to their reduced division rate. Nevertheless, even small amounts could trigger a persistent induction of the Imd pathway. Drosophila employs several mechanisms to limit peptidoglycan accumulation in the gut. In contrast to recognition PGRPs, proteins referred to as catalytic PGRPs have amidase activity that removes peptides from the glycan chains, thereby eliminating the immuno-stimulatory activity of peptidoglycans. 78 Several of these enzymatic PGRPs (PGRP-LB and PGRP-SC1) are induced by both microbiota and ingested pathogens and participate in the downregulation of the Imd pathway in the gut by scavenging extracellular peptidoglycan, thereby preventing their binding to receptor PGRPs 25, 61, 70, 79 ( Fig. 3) . Differences in the expression pattern of amidase PGRPs in various gut regions, along with the superimposition of inducible and constitutive levels of expression, likely allow a precise control of the spatial and temporal activity of the Imd pathway in this tissue. In the absence of these negative regulators, conventionally, but not axenically-reared flies, express Diptericin at a higher level in absence of infection. 61 Interestingly, flies lacking multiple negative regulators (e.g., PGRP-SC;LB double mutants or PGRP-SC:LB;pirk triple mutants) have reduced lifespans, which can be largely rescued by rearing flies in axenic conditions, suggesting that continuous stimulation of the immune system by indigenous microbiota is deleterious. 61 Altering the immune response by compartmentalizing the host response. The gut is a compartmentalized organ with distinct immune-reactive domains. 67, 80, 81 While the Imd pathway is activated all along the gut, antimicrobial peptide genes, such as Diptericin, are expressed with a complex and distinct pattern, indicating that additional levels of regulation restrict their expression to some regions. The Imd transactivator Relish is usually localized to the nucleus in the presence of microbiota in the posterior midgut, 25 but antimicrobial peptides are not expressed in this region. This is because the homeobox gene caudal represses the expression of antimicrobial peptides in in this location. 25 The suppression of antimicrobial peptides by caudal is proposed to be essential for the establishment of a beneficial microbiota in this segment of the gut (see above, ref. 25 ).
In conclusion, the level of basal immunity is largely dependent on microbiota density and multiple mechanisms are employed to reduce the level of immune activation by persistently associated microbes though both negative regulators that tightly tune Imd pathway activity and transcription factors that restrict antimicrobial peptide gene expression to specific regions of the gut.
Interference with pathogens. In mammals, the indigenous microbiota are also thought to reduce host susceptibility to gnotobiotic culture conditions. These studies have identified several important functions attributable to the microbiota associated with Drosophila and serve as launching points for future work.
Impact on immune system. In contrast to the systemic immune response, which functions to ensure the sterility of the body cavity and hemolymph (insect blood), epithelial immune responses must tolerate the presence of benign/beneficial microbes while responding to and eliminating potential pathogens (Fig. 2) . This implies a tight and specific regulation of the immune response in epithelia, balancing between immune activation and tolerance. 5, 67, 68 In Drosophila, three lines of defense have been identified to limit microbial infection and pathogenesis in the gut: (1) the production of microbicidal reactive oxygen species (ROS) by the NADPH-oxidase Duox, 69 (2) the production of antimicrobial peptides by the Imd pathway, 48, 70 and (3) the protection against bacteria and pore-forming toxins by the chitinous peritrophic matrix. 71 Under normal conditions, bacteria residing within the gut appear localized to the lumen within the endoperitrophic space, which is delimited by the peritrophic matrix, a chitinous barrier that lines the midgut 72 ( Fig. 2) . This would indicate that gut microbiota are rarely in direct contact with intestinal epithelial cells. Several studies have shown that microbiota stimulate the Imd pathway at basal levels. 20, 25, 44, 61, 73 Accordingly, axenic flies exhibit lower levels of expression of the antimicrobial peptide gene Diptericin in the gut. Moreover, the level of Diptericin, and other antimicrobial peptide genes increases as conventionallyreared flies age, consistent with an increase in bacterial load. 20, 44 The local antimicrobial response of the Drosophila gut is mediated by the Imd pathway upon detection of DAP-type peptidoglycan, 70 a form of peptidoglycan found in Gram-negative bacteria and some Gram-positive bacilli (e.g., Bacillus, Lactobacillus, Listeria), through recognition by peptidoglycan recognition proteins (PGRPs). Recent studies in Drosophila have revealed that three levels of regulation are employed to reduce epithelial Imd pathway activity and thus to prevent excessive or prolonged immune activation by the microbiota.
Altering the immune reactivity of the host. Pirk (Poor Imd response upon knock-in), a protein that antagonizes PGRP-LC and PGRP-LE signaling capacity, has been shown to downregulate the Imd pathway receptor [73] [74] [75] and participate in the precise control of Imd pathway induction in the gut. 73 In particular, Lhocine et al. demonstrated that Pirk expression is Imd-dependent and basally induced by microbiota. Loss of Pirk activity results in constitutive activation of antimicrobial peptides in the gut in response to microbiota and a hyperactive immune response in response to pathogens. In this manner, Pirk is important in regulating the threshold of the immune response, and in conjunction with additional negative regulators (ref. 61 , see below) contributes to its precise control in the gut (Fig. 3) . In addition, the ubiquitin-specific protease 36 (dUSP36) was shown to have a role in negative regulation of the Imd pathway by promoting degradation of the IMD protein. 76 This deregulation was lost in axenic flies, indicating that dUSP36 prevents constitutive immune signal activation by microbiota. Finally, PGRP-LF, a membranebound PGRP with two PGRP domains was demonstrated to be a microbial infection through either direct competition with pathogens or by indirectly stimulating host immune pathways. Direct antagonist interactions between gut microbiota and entomopathogens have been described in several insect species. [82] [83] [84] [85] [86] However, to date little is known about how Drosophila microbiota impact host survival to pathogenic microbes. A recent study reported a protective role of Drosophila microbiota against larval ingestion of Candida albicans. 87 Under conventional rearing, 90% of Drosophila larvae feeding on food contaminated with C. albicans survived to adulthood. However, survival of larvae dropped to 58% when the parental strain was grown in axenic conditions. Genetic experiments indicate that JNK-mediated cell death was the cause of death of wild-type axenic larvae infected with C. albicans. This protective effect was also observed in imd;Toll double mutant flies indicating that it was not mediated through classical immune pathways, but probably a result of direct interference. In another study, axenic PGRP-SC:LB;pirk flies lacking negative regulators of the Imd pathway 61 tended to live longer than conventionally reared counterparts following ingestion of Erwinia carotovora carotovora 15. This protective effect is probably due to a reduction in the immune response that is deleterious in flies depleted for these negative regulators.
Impact on host growth and metabolism. In mammals, the link between gut microbiota and energy metabolism is well Figure 3 . The fly-substratum niche and the impacts of gut associated microbes on Drosophila. Drosophila larvae and adults are saprophytic, feeding on microbes growing on decaying fruit. (A) These microbes, or others acquired from the environment soon after birth, can also persist in the gut and form stable associations along the life cycle. These microbes have important impacts on host physiology, such as increasing larval growth rate by optimizing host metabolism and inducing the basal epithelial immune response. (B) Yeasts are essential to Drosophila development and nutrition by providing sterols, B vitamins and RNA. Gut-associated bacteria increase larval growth. in nutrient-limited conditions this has been shown to be due to their impact on ToR-insulin signaling, either by production of acetic acid (Acetobacter pomorum) or increased amino acid metabolism (Lactobacillus plantarum). (c) The imd pathway is activated upon the recognition of DAp-type peptidoglycan by pGRp-Lc. The downstream nuclear translocation of the NFκB factor Relish activates the transcription of genes encoding antibacterial peptides and negative regulators of the pathway, such as amidase pGRps and pirk. Amidase pGpRs reduce the immune response to microbiota by degrading peptidoglycan, while pirk acts at the level of imd pathway signaling. The transcription factor caudal reduces antimicrobial peptide expression in the posterior midgut. This permits persistence of a beneficial microbiota in this segment. Dietary microbes induce the production of RoS by the NApDH-oxidase Duox, which controls their density in the gut.
mono-associated with a PQQ-ADH-deficient A. pomorum were reversed by enhancing host insulin signaling or by supplementing the diet with acetic acid (Fig. 3) . It is important to note that neither study excludes that the growth promoting effect could be mediated by the processing of food by bacteria in the medium rather than in the gut. The discrepancy between these studies concerning the microbe responsible for the growth promoting effect could reflect differences in fly medium composition or host genetic background. Future studies should address whether this effect is indeed mediated by microbiota residing in the gut, as well as identifying the mechanism of activation upstream of the insulin receptor.
Impact on epithelium renewal. To maintain homeostasis, the gut epithelium is constantly renewed throughout an organism's life by the division and differentiation of intestinal stem cells. In Drosophila, gut stem cells are scattered along the basement membrane of the adult midgut. 93, 94 In normal conditions, the adult gut epithelium is renewed in approximately 1-2 weeks. 93 Several groups have shown that increased epithelium renewal is observed upon some bacterial infections to repair associated damage. 80, [95] [96] [97] Interestingly, both the number of mitotic stem cells and the rate of epithelium renewal are reduced in axenic flies as compared with conventionally raised flies. This reduction in epithelium renewal is not due to an inability of axenic flies to activate renewal, as infection with pathogenic bacteria and reintroduction of culturable gut microbes increased mitotic activity in these flies. 44 Moreover, in addition to the IMD pathway, the gut microbiota induce, to some extent, the basal levels of JAK/STAT and EGFR pathway activities, which in turn regulate stem cell activity. Almost no Upd3 (the ligand activating the JAK/STAT pathway) expression was observed in the gut of axenic flies. 44 Taken together, these data indicate that microbiota condition the basal level of epithelium renewal by stimulating stem cell division, probably through an increase in JAK/STAT, EGFR and JNK activity. In this manner, Drosophila microbiota contribute to the development and architecture of the niche that it occupies. Interestingly, higher numbers of dividing stem cells were detected in the absence of infection in the guts of Relish flies, which are deficient for the Imd pathway, and associated with 10-fold higher bacterial counts than wild type, suggesting that an abnormally abundant microbiota can increase epithelium renewal. In an independent report, Shin et al. also reported a stimulation of stem activity by the microbiota that is insulindependent. 92 Thus, stem cell activity could be linked to growth signaling by the insulin pathway, which then licenses them to divide. Future studies should decipher whether the microbiota effect on stem cells is local (restricted to the gut) or systemic.
Impact on longevity. Using axenic culture, Brummel et al. reported that exposure to bacteria during the first week of adult life can increase lifespan. However, although Ren et al. observed that both the internal and external loads of bacteria associated with flies increased with age, there was no difference in longevity between axenic and conventionally raised flies. This suggests that the finding of Brummel cannot be generalized and may be specific to a fly strain or diet. Thus, additional studies are needed to determine if and how microbiota impacts longevity. Nonetheless, established and an area of intense research. Intestinal bacterial communities shape the nutrient environment of the host by contributing enzymatic activities that break down otherwise non-digestible carbohydrates. They also salvage energy through carbohydrate fermentation, leading to the production of shortchain fatty acids. 88, 89 The ability to raise fully healthy axenic flies indicates that under appropriate conditions, gut microbiota are not obligatory to any specific stage of the Drosophila life cycle. However, as stated above, the report that eye color of v, bw flies was affected by associated microbes already indicated the existence of rate limiting metabolic reactions in larvae that are grown axenically, pointing to a role of microbiota in the optimization of host metabolism. 16 Furthermore, it was widely reported that the development of axenic flies was delayed, due to growth defects at the larval stage 10, 11, [16] [17] [18] 90 suggesting that Drosophila require symbiotic microbes to either make resources available or to provide supplemental nutrition. The latter seems most likely, given that providing dead yeast, 12, 91 or RNA and B vitamins 14 in place of the yeast, is known to be sufficient to support the development of axenic flies.
However, even with an adequate diet (provided by sugar and dead yeast), bacterial symbionts are capable of further improving larval growth. Bakula reported that an isolated member of the microbiota could restore a normal development rate to axenic larvae, though conventionally-reared larvae (with complete microbiota, including live yeast) always exhibited the fastest development rate. 18 Two recent studies have further analyzed the impact of bacteria on larval growth and have revealed some of the mechanisms important for their beneficial effect. First, Storelli et al. demonstrated that Drosophila microbiota promote larval growth in conditions of nutrient scarcity (reduction in yeast concentration). This effect is mediated by Lactobacillus plantarum, which is sufficient to recapitulate the natural microbiota growth-promoting effect. L. plantarum association correlates with increased systemic production of growth hormones (ecdysone and insulin) during larval growth. The observation that the host TOR kinase and the amino acid transporter Slimfast are essential for the effect of L. plantarum demonstrates that it acts upstream of the TORdependent host nutrient sensing system controlling hormonal growth signaling. This led the authors to suggest that L. plantarum exerts its beneficial effect through enhanced amino acid assimilation, as amino acids are known activators TOR kinase activity (Fig. 3) . Using a similar approach, Shin et al. observed that axenic flies exhibit a small growth delay on normal media. Furthermore, while L. plantarum, C. intestini or L. brevis could enhance larval growth, a single member of the community, Acetobacter pomorum, could fully restore optimal growth on poor protein diets (amount of dead yeast below 1% or yeast replaced entirely by casamino acids). This effect is mediated through the stimulation of the insulin pathway. A random mutagenesis screen of A. pomorum demonstrated that the insulin growth-promoting effect requires a functional PQQ-ADH-dependent oxidative respiratory chain. PQQ-ADH is the primary dehydrogenase in the ethanol oxidative respiratory chain of Acetobacter involved in acetic acid production. Along this line, growth defects in flies Box 1. Yeast: An Overlooked Constituent of the Drosophila Microbiome? By and large, recent efforts to elucidate Drosophila-microbiota interactions have been focused solely on bacteria. However, an important, but largely overlooked, participant in this interaction undoubtedly includes fungi, especially yeast. A few factors have likely contributed to the undervaluing of yeast in the Drosophila microbiome. For one, the early identification of the importance of yeast to fly nutrition likely relegated it to being viewed merely as food, especially as dead yeast was a suitable substitute in laboratory medium. 6, 9, 10, 12, 91, 111 in addition, the recent boom in host-microbiota studies, and in particular the focus in mammals, has been almost exclusive to bacteria given their predominance in this environment. Yet, it is the normal state of Drosophila to be associated with both yeasts and bacteria 112, 113 and a wealth of studies point to the importance of yeast to the host outside of their contributions as food. Below, we highlight some aspects of Drosophilayeast associations and show how they are of central importance in the ecology and evolutionary biology of Drosophila. Essential role of yeast in nutrition. Drosophila, as a saprophytic animal, subsists on a diet of decomposing plant matter where it encounters a variety of microorganisms. Given that the substrate is relatively nutrient-poor, these associated microorganisms are often necessary to convert decaying matter into the dietary factors on which the insect depends. From this point of view, yeasts are considered to be a major food source for the majority of Drosophila species, in both larvae and adults. 91, 112 early efforts to create a chemically defined medium demonstrated that yeasts provide many nutrients needed for successful metamorphosis and reproduction of Drosophila, such as amino acids, sterols, B vitamins and fatty acids; compounds not generally present in decaying plant material. For example, diet composed of sterile banana, a carbohydrate-rich substrate, cannot support the growth of axenic larvae unless dietary yeasts are added 114 or it is pre-fermented prior to sterilization. 91 Additionally, yeasts can transform the substrate into concentrated nutrients and detoxify plant metabolites, thereby increasing the hosts' ability to access and assimilate nutrients.
115
Yeasts associated with Drosophila-are yeast symbionts? Although they were not the focus of recent efforts in Drosophila microbiome research, considerable knowledge exists about yeasts that are associated with Drosophila. Several studies have shown that a relatively limited diversity of yeast genera are associated with Drosophila in the wild, the most common being candida, cryptococcus, Hanseniaspora, Hanusula, Kloeckera, Kluyveromyces, pichia, Rhodotorula, Saccharomyces, Saccharomycopsis and Torulopsis (reviewed in refs. 112 and 113) . The species and their diversity most closely reflect the type of substrate the host utilizes. 116, 117 in the case of D. melanogaster, a cosmopolitan species that feeds essentially on fruit, Kloeckera, pichia and Saccharomycodes species have been most frequently recovered from wild-caught flies. 113, 118, 119 of note, although yeasts of the Saccharomyces genus are found associated with Drosophila, 120 S. cerevisiae, the species most commonly used in laboratory medium, is usually not associated with D. melanogaster in the wild. 121 Most studies characterizing the diversity of Drosophila-associated yeasts have isolated them from the adult crop by culturing on defined media, and identifying isolates by traditional morphological methods. The crop, a food storage organ off the foregut with little digestive capacity (Fig. 2) , was chosen to optimize the recovery of ingested yeasts. After feeding on yeast, the crop can contain up to 10 5 yeast cells, 122 yet the amount of living yeast found in the gut is quite low. That few yeast cells survive transit through the gut 122 likely contributed significantly to the belief that they cannot be considered a bona fide member of the microbiota. Yet, it is known that Drosophila can transmit yeast to sterile media 99 and that adults in the wild can transfer yeast to new substrates via their feces, by regurgitation while feeding, or attached to the bristled body surface. 112, 113, 123 Furthermore, it has been shown that while vegetative cells are easily destroyed in the fly gut, spores are able to survive transit and can be cultured from feces. 124 interestingly, the passage of spores through the Drosophila gut increases yeast outbreeding, 125 a strategy that would enhance genetic diversity and potentially the likelihood of success when deposited on a new substrate by the host. Thus, the interactions between Drosophila and yeast in the wild appear mutualistic as successful development of larvae depends on the availability of dietary yeasts, which then adult flies disseminate and even provide with an environment that promotes genetic mixing and increased diversity. Impact of yeast on drosophila ecology and behavior. Drosophila is known to be attracted to several fermentation products and to yeasts that carry out these functions. [126] [127] [128] in Drosophila that feed on fruit, yeasts associated with the host are similar to those in the substrate, although the composition on the surface (where adults feed) may differ from that within the substrate (where larvae feed). 119, 129 This may generate an ecological separation that matches both preferences and partitions the resources between larvae and adults. Such different preferences are not completely understood, as studies have shown that some hosts choose yeasts beneficial for their growth, while others select yeast species previously associated with them even if not beneficial. 114, 130, 131 However, several studies examining the association of Drosophila with microbes in the environment suggest that choice is indeed an important factor in the ecology and even speciation of Drosophila, as specific communities of microbes and flies appear to be associated with specific substrates. For example, while comparing preferences of five Drosophila species for various substrates in compost, oakeshott 117 found that both the Drosophila species and the microbes (bacteria, fermentative and non-fermentative yeasts, and filamentous molds) associated with different fruits were distributed non-randomly. in this study, D. melanogaster was positively associated with specific fruits (grapes and bananas) that were high in fermentative yeasts and low in bacteria. Similarly, in a field study, D. melanogaster was found as a frequent successive colonizer of fig following inoculation of fermentative yeasts by fig wasps. Additionally, it was observed that sterile fig tissue inoculated with fermentative yeasts was more attractive to Drosophila than those inoculated with spoilage yeasts. 132 interestingly, the attraction of Drosophila to these fermentative yeasts was reduced by the addition of an Acetobacter sp. More data are needed to understand how different substrate-microbe combinations attract Drosophila, but it is tempting to hypothesize that certain combinations may convey information about the nutritional quality or successional state of a substrate. in addition to the role of yeasts in locating suitable habitats, the diversity of yeast species associated with Drosophila may be one factor that has contributed to speciation of Drosophilidae. in comparing a diversity of habitats representative of different feeding guilds of Drosophila, Starmer 116 found that although the number of Drosophila-associated yeast species across diverse habitats was similar (mean of 10 species per habitat), distinct physiological characteristics of yeast were associated with each habitat. Yeast communities associated with poorer substrates, such as mushrooms or leaves, exhibited higher catabolic activity than the communities associated with richer substrates such as fruit. Differences in yeast communities linked to habitat are thought to have played a role in the radiation of related Drosophila species. However, the effect of yeasts on Drosophila behavior extends beyond food choice. while it is well established that a significant density of Drosophila larvae are required for optimal growth (the Allee effect), recent studies point to a positive role of dietary yeasts in this process, since the introduction of live yeast increases fly survival at low density. 133, 134 it has even been suggested that competition between Drosophila larvae and filamentous fungi on decaying material could have selected for this density-dependent larval development. 135 in the same context, dietary yeasts increase survival of axenic flies in the presence of Aspergillus nidulans. 136 in addition, increased adult density (and likely higher introduction of microbes) prior to the introduction of larvae also enhances larval survival against filamentous fungi. 133 Finally, dietary yeasts enhance the encapsulation ability of Drosophila toward parasitoids. 137 The underlying mechanisms of these interactions are not known, but all these studies raise the intriguing hypothesis that Drosophila associated yeasts (and probably bacteria as well) could improve the nutritional value of the food substratum and protect against competing species. while there is still a lot to learn about these interactions, these studies illustrate the complex and intimate relationships that occur within rotting fruit, between yeast, bacteria and Drosophila melanogaster. with this in mind, it will be necessary in future studies to not only include yeast as a component of the microbiome, but also to investigate and compare interactions between yeasts and bacteria, both within the substrate and the Drosophila gut environment.
the observation that bacterial density in the gut increases with age has been confirmed by multiple studies. 23, 44, 99 This suggests that any metabolic expenditure required by the fly to support the increased bacterial load and antimicrobial peptide expression that occurs with aging is endured without a significant cost to life span. 20 Independent studies have also revealed that age-related deterioration of the intestinal epithelium is associated with excessive stem cell proliferation and aberrant differentiation.
44,100-103 These age-dependent symptoms are exacerbated in Relish flies, whose guts are morphologically altered with regions devoid of enterocytes. Interestingly, guts from old axenic flies exhibit levels of epithelium renewal more similar to that of young axenic flies. Moreover, the guts of old axenic flies do not undergo alterations of intestinal integrity to the same extent as in conventionally raised flies. Since guts from both wild-type and Relish old flies contain higher counts of indigenous bacteria than their younger counterparts, 20, 44 age-related defects in the gut of older flies could be caused by the abundant microbiota.
Impact on host behavior. Assortative mating (nonrandom mating in which individuals mate preferentially according to phenotype) is considered to be an early event in speciation that is commonly attributed to genetic differences. In light of the hologenome theory of evolution, which proposes that the host and its associated microorganisms act as a unit of selection in evolutionary change, 104 Sharon et al. have now provided evidence for a role of the microbiota of Drosophila in assortative mating. After rearing an isogenic population of flies on either a starch or molasses media, flies exhibited a significant mating preference for partners reared on the same medium. The switch in diet led to changes in gut microbiota composition and an antibiotic treatment abolished mating preference, suggesting that the fly microbiota was contributing to this effect. Furthermore, antibiotic-treated flies re-associated with a mix of Lactobacillus sp isolated from molasses-reared flies or mono-associated with a Lactobacillus plantarum isolated from starch-reared flies exhibited mating preference. 21 In comparing the cuticular hydrocarbons, differences were observed between the starch and molasses-reared flies, suggesting that microbiota were influencing mating preference by altering sex pheromones. This study points out how microbiota, through an impact on mating preference, could contribute to speciation and evolution in the wild. As fly populations living on different diets will be, at least to some extent, geographically separated, dietinduced mating preference would further reduce interbreeding of the populations, thus favoring speciation.
Perspectives
Although the major focus of research on Drosophila-microbe interactions has been in the context of the innate immune response to pathogens, there is now a growing emphasis to study beneficial interactions. Recent studies have provided a better understanding of the nature of the microbes residing within the Drosophila gut as well as identifying their influences on several host traits. The relative simplicity of the Drosophila bacterial microbiota, with many species being easily cultured, makes Drosophila a useful model to dissect host-microbiota interactions. The possibility to screen extensively for bacterial mutations that affect complex traits of microbiota such as the capacity to establish persistent associations over time, to interact with other associated microbes, or to impact on the host, is appealing. From this point of view, the genetic screen performed in Acetobacter pomorum that identified PQQ-ADH metabolism of acetic acid as a factor promoting larval growth 92 is exemplary of the power of the Drosophila model. Additionally, genetic screens on the host side could complement these studies to identify and analyze host factors affected by microbiota and important for the association with microbes. Along these lines, there are ~200 fully sequenced isogenic lines to exploit for genome wide association studies. 105 There are also a increasing number of Drosophila mutants proving useful as models of human disease, 106, 107 including many that have their origin in the gut or that have been associated with aberrant microbial communities in mammalian studies. 108 In this context, Drosophila is an ideal system, providing the ability to carefully control environmental and experimental conditions coupled with a simplicity that will be important in deciphering the effects of microbiota on complex host traits.
However, our understanding of the molecular mechanisms underlying Drosophila-microbiota interactions is hampered to some extent by our lack of knowledge of how they interact in nature. It is not fully evident whether bacteria found in the Drosophila gut are residents in the strictest sense, or whether they are, like yeast, dietary microbes required for the saprophytic lifestyle of the flies. It is apparent that there are frequent and common associations with a narrow subset of bacteria, which Drosophila disseminates in nature, which persist throughout their life cycle, and are transmitted to progeny. In this sense it will be important to consider how natural habitat and ecology have shaped the nature of host-microbiota interactions. In some ways, the diversity of results observed in various laboratories, which may be attributable to diet, is already indicative of this complexity. At first glance this may seem a challenge that complicates inter-laboratory comparisons and experimental reproducibility that are required for scientific construction. Yet, these laboratory specificities are likely revealing the true nature of Drosophila-microbe interactions, as the nutritional quality of fruit also varies greatly. While this will require a more careful consideration of experimental design and reporting of laboratory conditions (rearing practices, medium composition, Drosophila genotypes, etc.), the expectation is that trends will emerge that will ultimately reflect the full spectrum of associations between Drosophila and their microbiota.
As stated by Felix and Braendle, 109 "Improbable as it may seem, rotting fruit/plant material thus unites three major lab model organisms in the same ecological context: Saccharomyces cerevisiae, Drosophila melanogaster and C. elegans. What the three species share is a rapid lifecycle, a likely legacy from their boom-and-bust lifestyle exploiting ephemeral resources." This statement captures how natural conditions have shaped the lifestyles and genetics of animal models. Studies on Drosophila microbiota cannot ignore the ecological context, especially given the saprophagous lifestyle of Drosophila whose diet consists not only of dead organic matter, but also of associated microorganisms. This is exemplified by a recent study showing that food-derived odors (phenylacetic acid) promote male courtship in Drosophila 110 or by the report indicating a role of microbiota in assortative mating. 21 Future lines of research integrating behavior, neurobiology and physiology with the natural ecology of Drosophila will be important. 60 Thus, a better knowledge of the environment-Drosophila-microbiota interaction will likely reveal important facets of Drosophila biology and open routes for evolutionary studies since competition for rich and ephemeral resource patches is a key factor influencing animalmicrobe interactions.
